INTRODUCTION
The isolation and quantitative determination of certain metabolic products formed from carbon compounds by crown-gall and related bacteria have been studied as part of a larger program (Riker and Berge, 1935) on atypical and pathological multiplication of cells. The general question of the metabolism of these microorganisms has been reviewed in a previous paper (Conner, Peterson and Riker, 1937) dealing specifically with the nitrogen metabolism.
The crown-gall and related organisms do not produce carbon dioxide from sugars rapidly enough to be classed in the conventional manner as gas formers (Smith, et al., 1911; Riker et al. 1930; and Pinckard, 1935) . Studies on single-cell cultures by Sagen et al. (1934) , Wilson (1935) and others have shown that while the hairy-root organsm produces some acid, the crowngall organism produces little or no acid. It seems likely, therefore, that substances other than carbon dioxide and acids are produced in considerable quantities. The present paper reports studies on the carbon metabolism of these organisms with special reference to certain products resulting from their action on glucose. Cultures and media. The crown-gall and hairy-root cultures A-1 and C-1 respectively were progenies of single cells isolated by Wright et al. (1930) . The identities of the cultures were checked at frequent intervals during the course of the investigation by inoculation of suitable host plants.
After some preliminary experiments to determine the effect of various concentrations of yeast infusion and phosphates, a medium was selected which gave good utilization of the sugar. It had the following composition: 20 per cent press-yeast infusion, 50 cc.; calcium sulfate (CaSO4), 0.1 gram; magnesium sulfate (MgSO4.7H20), 0.2 gram; sodium chloride (NaCl), 0.2 gram; sodium phosphate (NaH2PO4), 2.9 grams; potassium phosphate (K2HPO4), 8.8 grams; glucose, 10 to 40 grams; and distilled water to make 1000 cc. A solid medium was prepared by adding 15 grams of agar. Any variations from the above amounts are noted later.
Methods of analysis. Sugar was determined by the method of Shaffer and Hartman as modified by Stiles, Peterson, and Fred (1926) . Carbon dioxide was removed from the cultures by a stream of sterile, carbon-dioxide-free air, absorbed by ascarite, and determined by direct weighing. Bacterial cells and gum were precipitated by alcohol or barium hydroxide, and removed by centrifuging. Other metabolic products were precipitated by a technique described later. Total carbon of the various fractions was determined by the wet combustion method (Heck, 1929) .
RATE OF FERMENTATION
Rates of fermentation of glucose by the two organisms on agar media containing 1, 2 and 4 per cent of the sugar were determined. Ten cubic centimeters portions of each medium were placed in a number of tubes, with special precautions in sloping so as to insure a surface of uniform area in all tubes. Determinations of glucose were made on the combined contents of three tubes every fifth day and the percentage of glucose fermented was calculated. The results of these determinations are given in figure 1. The hairy-root organism fermented glucose at an appreciably faster rate than the crown-gall organism at all concentrations of glucose studied. Although the percentage of glucose destroyed by either organism was less at the highest concentration, the actual weight of sugar fermented was equal to or greater than that at the lower concentrations. and dried. Their melting point was 1460C. uncorrected. A sample of acet-p-toluidide prepared from acetic acid also melted at 1460C. uncorrected. A mixture of the two showed no depression of the melting point.
The residue from the steam distillation was concentrated and used in a number of qualitative tests for the identification of the non-volatile acid. The solution reduced ammoniacal silver nitrate and alkaline potassim permanganate at room temperature. With iodine and sodium hydroxide a precipitate of iodoform was produced in the cold, indicating the presence of a methyl ketonic group in the molecule. Since the tests indicated the presence of a keto acid, the 2-4 dinitrophenylhydrazone of the acid was prepared. After two crystallization from ethyl acetate the hydrazone melted at 21500. uncorrected. Since pyruvic acid gives all these reactions the 2-4 dinitrophenylhydrazone of this compound was prepared. This hydrazone also melted at 2150C. uncorrected and a mixture of the two hydrazones showed no depression of the melting point.
CARBON BALANCE
A comparison of the carbon in the glucose fermented with that in the known products showed that both organisms must produce other products in considerable quantities. These substances were not volatile, since the sulfuric acid through which the air passed after leaving the culture contained no organic compounds as was demonstrated by analysis for carbon.
A carbon balance was made to show what percentage of the glucose was accounted for by products. The cultures used in the studies of carbon dioxide production, were also used for the determination of (1) reducing sugars, (2) total carbon, and (3) carbon in cells and gum. The cells and gum were precipitated by alcohol. The results of four representative determinations are given in table 1.
The following conclusions may be drawn from these data: (1) The cell and gum production of the crown-gall organism was slightly higher than that of the hairy-root organism. (2) The major part of the metabolic products remained in the culture medium after removal of the carbon dioxide, cells, and alcohol-precipitable gum. Seventy to 80 per cent of the carbon in the fermented glucose formed unknown products. (3) Less glucose was recovered in known products from the cultures of the crowngall organism than from those of the hairy-root cultures.
A search for products which, on the basis of the above, must be present resulted in the isolation of two unidentified products from cultures of each organism. An outline of the procedures employed and some of the characteristics of these products follow. acetone, and with barium hydroxide. The hydroxide treatment is preferable when it is desired to isolate other metabolic products from the filtrate, whereas the first procedure is more convenient for the isolation of the gum. The gum was purified by dissolving it in water and reprecipitating with alcohol acidified with hydrochloric acid. The excess alcohol was squeezed out and the gum dried over calcium chloride in a vacuum desiccator. The product was white, difficultly soluble in water, non-reducing to Fehling's solution, and precipitable from aqueous solutions by barium hydroxide and basic lead acetate. Such preparations were free from nitrogen but contained from 5 to 30 per cent ash. A preparation containing only 0.36 per cent ash was obtained by electrodialysis.
When the gum was hydrolyzed with 2 per cent HCl or 5 per cent H2SO4, reducing values calculated as anhydroglucose accounted for 72 to 98 per cent of the ash-free material. Uronic acid and total pentosan determinations gave figures of about 5 per cent for both components. Qualitative tests on the gumhydrolysate for mannose, fructose and galactose were negative. Evidence that the reducing substance consisted mainly of glucose was obtained by the isolation and characterization of this sugar.
Ten grams of crown-gall gum, containing 0.36 per cent ash, were hydrolyzed with 5 per cent H2SO0 at 15 pounds pressure for 5 hours. The solution was neutralized with hydroxide-free barium carbonate, heated for 20 minutes at 60'C., and the barium sulphate filtered off and washed with hot water. The filtrate was concentrated under reduced pressure at 600C. to a thick syrup which was extracted with a number of portions of hot 95 per cent alcohol or hot absolute methyl alcohol. The alcoholic extract was decolorized with norit, concentrated to a thick syrup and two volumes of glacial acetic acid were added. After one week in the refrigerator the crystals which had formed were filtered off, washed with glacial acetic acid and recrystallized from a small amount of water and acetic acid. The yield was about 4 grams. Further concentration of the filtrate yielded about 2 grams more of crystals. The specific rotation of a dried sample of the first crop was a22 = +52.0°(C. = 65.8 mgm./cc.). The specific rotation of glucose is +52.5°. The osazone of the sugar and that of glucose prepared at the same time melted at 204'C. (uncorrected) .
From these data it appears that the gum consists mainly of anhydro-glucose units. Gum prepared from the glycerol-salts medium had approximately the same composition and yielded the same products on hydrolysis as that from the glucose-salts medium.
Gum-like products. Since such a large portion of the fermented glucose remained unaccounted for, a search for metabolic products, other than carbon dioxide, cells and gum, was made. Substances, as yet incompletely characterized, but which resemble the bacterial gum in certain respects were found.
The cells and pellicle were filtered from 20 to 30 liters of culture and the bacterial gum was precipitated by addition of a saturated solution of barium hydroxide. An appreciable excess of barium hydroxide solution (about 1 to 2 liters for every 30 liters of culture medium) was added, and the mixture was allowed to stand for thirty minutes. The bulky precipitate was removed by filtration, washed with water, and the washings added to the filtrate. Besides the barium salts of the gum the precipitate contained phosphate, sulfate and carbonate.
The filtrate was treated with carbon dioxide until it was nearly acid to phenolphthalein. The precipitated barium carbonate was filtered off, the filtrate acidified with acetic acid and evaporated under reduced pressure to a thick syrup. An excess of acetic acid was avoided, since it exerted a definite solvent action on the lead precipitate obtained later.
A saturated solution of basic lead acetate was added, with agitation, to the thick syrup. A gelatinous precipitate was formed, which on standing in contact with excess basic lead acetate became flocculent. The precipitate was filtered off and washed with water. In order to remove the glucose it had adsorbed, the precipitate was repeatedly suspended in 60 per cent alcohol and settled by centrifuging. Great difficulty was experienced in removing the glucose, and the washing process, though tedious, was more satisfactory than repeated precipitation because the latter caused serious loss of material. In later experiments the washing process was shortened by placing the lead salt in collodion bags and dialyzing in running water for two weeks.
The washed salt was dissolved in dilute acetic acid and the lead precipitated with hydrogen sulfide. The filtrate and washings were combined and evaporated under reduced pressure until all but a small amount of the acetic acid had been removed. The clear glassy material was dissolved in a minimal quantity of water and the solution saturated with cupric acetate. Ninety-five per cent alcohol was added, which precipitated the copper salt of the product. In the presence of too large an excess of acetic acid the copper salt was precipitated in the form of a heavy syrup. The tendency to precipitate as a syrup was especially marked with material from the crown-gall organism.
The precipitate was allowed to settle and the supernatant alcohol decanted. The remainder of the material was filtered and the precipitate washed until the washings gave no test for glucose.
The filtrate from the lead precipitation was deleaded with hydrogen sulfide and the filtrate and washings were evaporated under reduced pressure to a thick syrup to remove as much acetic acid as possible. The syrup was diluted until it could be handled conveniently and saturated with copper acetate. On adding alcohol a precipitate formed. This was filtered and washed as described above.
The above method of isolation is summarized in figure 7 . The metabolic products nos. 2 and 3 have not been completely characterized. They were obtained in the free state in the form of a hard glassy mass by evaporating their aqueous solutions under reduced pressure, or in the form of a sticky gum when concentrated solutions were treated with alcohol. On standing in contact with alcohol the precipitate would slowly redissolve. Oxidation with nitric acid yielded oxalic acid. No reducing sugars were formed on hydrolysis with either hydrochloric or sulfuric acids.
Since the substance precipitated by basic lead acetate from cultures of the hairy-root organism (metabolite no. 2) could be isolated and purified with less effort than the corresponding product from the crown-gall organism, it was selected as the most suitable for experiments designed to secure information concerning the nature of the material. Acetylation, benzoylation, and methylation yielded syrups that could not be crystallized. The 3-5 dinitrobenzoate, prepared by heating the metabolic product with 3-5 dinitrobenzoyl chloride, was likewise a syrup and could not be crystallized. These syrups differed from the original material in respect to solubility. (Sagen, et al. 1934 ), the close relationship of the crown-gall and hairy-root organisms, as indicated by their similar pathogenicity, is reflected in their carbon metabolism. With the exception of the production of acid by the hairy-root organism, only quantitative differences have been found in their behavior during these studies. The organisms are quite similar in their abilities to ferment glucose. The hairy-root organism is, however, able to ferment high concentrations of glucose more rapidly than the crown-gall organism.
In all cases the hairy-root organism produced more carbon dioxide than the crown-gall organism. On agar media the hairyroot organism produced carbon-dioxide rather rapidly for the first seven days, then less rapidly for the remainder of the period. The crown-gall organism produced carbon dioxide at a fairly steady rate during the entire course of the fermentation.
The production of acid from glucose by the hairy-root organism is also a useful method of distinguishing it from the crown-gall organism. It is of interest to note that pyruvic acid, which is produced by hairy-root bacteria has been reported (Hitchcock, 1935) to induce a growth response in plants. However, the, evidence is inadequate to determine whether this acid is involi ed in the growth response induced in the host by the hairy-root organism.
While no proof exists that the various metabolities discussed are produced in the host plant, it is not improbable that they do occur in plant tissue. It remains for further study to determine whether these substances play a role in the peculiar type of cell division found in the tissue surrounding the bacterial pockets.
SUMMARY
Quantitative data have been obtained regarding the fermentation of glucose, the rates of fermentation, the amounts of carbon dioxide produced, and the carbon distribution of the metabolic products of the crown-gall and hairy-root organisms.
The amount of glucose fermented in a liquid medium by the hairy-root and crown-gall organisms may be raised by increasing the concentration of yeast infusion or by the addition of one per cent phosphates. Agar media were more satisfactory for fermentation than liquid media.
The hairy-root organism was able to ferment higher concentrations of glucose more rapidly than the crown-gall organism.
The hairy-root organism produces approximately ten-fold as much carbon dioxide as the crown-gall organism.
Acetic and pyruvic acids were identified as metabolic products of the hairy-root organism.
From 13 to 20 per cent of the carbon of the fermented glucose was recovered as carbon dioxide, cells, and gum from cultures of the crown-gall organism and approximately 30 per cent was recovered from cultures of the hairy-root organism. Seventy to 80 per cent of the sugar fermented goes to form other products, some of which have been isolated and partly characterized. These metabolites differ from the bacterial gum in that they do not yield reducing sugars on hydrolysis.
The bacterial gum consisted chiefly of glucose units (72 to 98 per cent) and small amounts (5 per cent) of uronic acid. Qualitative tests for other hexoses were negative.
The writers are indebted to Dr. Rudolph Nagy for his collaboration in the preparation and analysis of the gum produced by the organisms.
